The development of mechanical methods for plastic-plastic separation is important for recycling of scrapped plastics of office/home appliances and cars. This paper proposes a Hybrid-Jig as a new method for plastic-plastic separation. The Hybrid-Jig was developed based on jigging and flotation, where air bubbles are introduced into the particle bed during jigging to modify the apparent specific gravity of the particles by the attachment of air bubbles to the particles so that particles having different surface properties can be separated by jigging even if their specific gravities are similar.
Introduction
As discarding of plastic waste is increasing globally, mechanical separation of plastics is essential to reduce, reuse, and recycle scrapped plastics from offices, homes appliances, and cars. However, mechanical separation of different plastic particles with similar physical properties is not easy and presents an important area for technology development in planning and creating an automated recycling process. 1) To recover high grade plastics, wet separation such as gravity separation and flotation are superior to dry separation.
Jig separation is one of the oldest methods of gravity separation in mineral processing and it is still in widespread use because of its high separation efficiency, cost effectiveness, and high throughput rate.
2) The TACUB jig, from which the Batac jig originated, is an excellent separator for particle mixtures, because adjusting and controlling water pulsation is simple. 3, 4) However, it is difficult to separate plastics with similar specific gravities.
During the investigation of jig separation of plastics with similar specific gravities, the authors observed that air bubbles adsorb on the more hydrophobic surface of plastics and these plastics are recovered as top products due to the decrease in their apparent specific gravity. 6) Based on this observation, a Hybrid-Jig, a TACUB jig with an air bubbler under the particle bed (screen), has been developed to separate plastic particles having similar specific gravities but different surface properties. This paper reports the separation performance of the Hybrid-Jig.
Experimental

Materials
Feed plastics used were three types of polyvinyl chloride (Yellow PVC, White PVC and Brown PVC), four types of polyethylene (Gray PE, Red PE, Purple PE, and Green PE) and one type of polyethylene terephtharate (PET), all in cylindrical shape with 2-3 mm length and diameter. Originally, these plastics were covering materials of electric wires and cables and were supplied by the Japan Electric Cable Technology Center (JECTEC). The specific gravities of the feed samples were measured by an Ultra Pycnometer (Yuasa Ionics Co., UPY-14L) and the averages of three measurements are shown in Table 1 . The differences in specific gravities for different types of PVC and PE are caused by various kinds and amounts of additives contained. 1) Two plastics chosen from Table 1 were mixed to prepare twelve Table 2 , and these were used as feeds in the jig separation experiments (the bulk volume of the mixture corresponds to 7 cm bed thickness in the separation chamber shown in Fig. 1 ). In jigging process, particles are falling and rising under a hindered settling condition, where the specific gravity of the suspension containing particles and fluid is varied depending on the porosity of the fluidized particle beds. Because it is difficult to define and calculate the settling velocity of the particles at jig separation, the equal settling ratios shown in Table 2 were calculated using the following equation.
R: Equal settling ratio heavy : Specific gravity of heavier particle light : Specific gravity of lighter particle l : Specific gravity of fluid
Experimental method
Hybrid-Jig separation experiments were carried out using the batch type TACUB jig (R&E Co.) with a 135 mm long, 145 mm wide, and 320 mm high separation chamber. An outline of the Hybrid-Jig is shown in Fig. 1 . An aeration diffusion tube was installed under the screen (particle bed) and an air pump (GEX, NewLung GX700N-2) was connected to the tube for bubbling air into the water chamber. The introduced air rates were set to 0 cm 3 /min or 3000 cm 3 /min. One of the sample mixtures chosen from Table 2 was placed in the separation chamber and wetted well before the jigging and bubbling was started. The water pulsations were generated by introducing and exhausting pressurized air in the air chamber, and the trapezoidal waveform pulsations (displacement, 1, 3, or 5 cm; frequency, 20, 50, or 90 min À1 ) were applied. The mixture in the separation chamber was stratified as a result of the periodic dilation of the bed through the action of the pulsating currents of water and introduced air bubbles, because lighter and heavier particles moved to the top and bottom layers, respectively. Except where mentioned, jigging time for separation was 10 min.
The progress of separation was observed through the transparent polymethyl methacrylate plate front of the separation chamber, and the experiments were terminated when the steady state heavy product layer (bottom layer) and the light product layer (top layer) were formed. After the experiments, the separation chamber was removed from the jig and the sliding plate on the front of the chamber was removed to obtain the products at different bed heights in the chamber. The particle bed was divided into three layers of the same thicknesses, and the product of each layer was dried before the grade (weight ratio of one kind of particle) was determined by hand-picking.
To determine the qualitative hydrophobicity of plastics, 200 cm 3 of water containing 50 plastic particles was agitated violently for 5 min, where air was introduced into the water. This suspension was placed in a desiccator connected to an aspirator, then depressurized to 133 Pa to generate fine air bubbles, which adsorb on the hydrophobic plastics and lift them. The particles floated after depressurizing were recovered and counted. The ratio of the floated plastics to feed was used as a hydrophobicity index. Figure 2 shows the grades of PET of the top layer products and Fig. 3 the grades of White PVC of the bottom layer Development of a New Gravity Separator for Plastics -a Hybrid-Jigproducts for White PVC-PET separation without introduced air (air bubbling rate 0 cm 3 /min) at various displacements and frequencies of water pulsation. Because a pulsation setting of 5 cm displacement and 90 min À1 frequency is mechanically beyond the performance of the Hybrid-Jig, the top and bottom products were not obtained under this condition. Without air bubbling, the best separation results were obtained at 1 cm displacement and a 50 min À1 frequency, where the grades of top and bottom layer products were 99.9 mass% for PET and 99.9 mass% for White PVC. As shown in Table 3 , this optimum pulsation also provided excellent separation results with mixtures of White PVCGray PE, Yellow PVC-Purple PE, Yellow PVC-Green PE, Yellow PVC-PET, Brown PVC-Red PE, and White PVC-PET. For the other six mixtures (Yellow PVC-Gray PE, White PVC-Purple PE, White PVC-Green PE, Brown PVC-PET, White PVC-Red PE, and Yellow PVC-Red PE), separation did not proceed and only low grade products were obtained under any separation condition, because the specific gravities were very close and the particles were consistently being mixed. When the equal settling ratio R is above 1.58 (assuming laminar flow) or the concentration criterion (R 2 ) is greater than 2.5 (assuming turbulent flow), gravity separation is relatively easy. 5) For jig separation of plastics, separation of mixtures having equal settling ratios above about 1.12 (assuming laminar flow) was performed, and high grade product was recovered. Table 3 shows the jig separation results under the introduced air rate of 0 and 3000 cm 3 /min and the optimum pulsation (1 cm displacement and 50 min À1 frequency). With 3000 cm 3 /min introduced air rate, 99.9 mass% grades of the top and bottom layer products were recovered for the ten mixtures (but not for yellow PVC-PET and white PVC-PET). The separation took place even though the equal settling ratio for yellow PVC-Gray PE, white PVC-Purple PE, and white PVC-Green PE mixtures was less than 1.12. The hydrophobicity index values were 1.00 for all PVCs, 0.72-0.84 for PE, and 0.81 for PET. When conducting jig experiments with 3000 cm 3 /min introduced air, the air bubbles adsorbed selectively on the more hydrophobic surfaces of the PVC type plastics in the mixture and the PVC stratified as the top layer due to the resulting decrease in apparent specific gravity. The attachment of fine air bubbles on the PVC surfaces was visually observed during the experiments. The shaded rows of Tables 2 and 3 show the results for White PVC-Gray PE, White PVC-Red PE, and Brown PVC-PET, where the mixtures were separated by the Hybrid-Jig at the 3000 cm 3 /min introduced air rate, and the heavier PVC particles went to be the top layer product due to the decrease in their apparent specific gravity. The mixtures of Yellow PVC-PET and White PVC-PET were not separated well at 3000 cm 3 /min of introduced air, but separated without the introduced air. In these cases, the specific gravity of the more hydrophobic PVC particles is much greater than that of the less hydrophobic PET particles, and attachment of air bubbles to PVC decreased the differences in the specific gravity between these plastic particles, causing the difficulty in jig separation.
Results and Discussion
Jig experiments were carried out at 1 cm displacement and 20 min À1 frequency with 0 and 3000 cm 3 /min introduced air rate and terminated when the heavy product layer (bottom layer) and the light product layer (top layer) became stabilized, indicating that the separation could not be improved anymore. The time elapsed till termination of jigging was determined to be the time for completion of the separation. Figure 4 shows the relationship between the equal settling ratios and the time for completion of the separation experiments shown in Table 3 . The time became shorter at higher equal settling ratios than at 1.24 without introduced air (rate 0 cm 3 /min), corresponding to the predictions in wet gravity separation. 5) With 3000 cm 3 /min introduced air, the equal settling ratio did not affect the separation time regardless of differences in specific gravity. The PVC particles with many adsorbing air bubbles were observed to float to near the water surface at rising pulsation, suggesting that their apparent specific gravity became near 1.
As a result, the separation times were shortened in Hybrid-Jig separation using introduced air compared with the conventional jig separation without introduced air.
The Hybrid-Jig was shown to have the following advantages: (1) Probability of attachment of air bubbles to particles is high because air bubbles pass through a particle bed and the attachment times are longer compared with flotation. (2) Only small amounts of air bubbles attaching to plastic particles are required as Hybrid-Jig separation is not based on true flotation of the particle but on the decrease in apparent specific gravity of the particles. Because differences in the hydrophobicities of the plastics cause the selective bubble attachment, addition of surfactants could improve the separation performance of the Hybrid-Jig.
Conclusion
The authors developed a TACUB jig with air bubbling, a Hybrid-Jig, which is effective in separating plastic particles having similar specific gravities and different surface properties. The jig separation experiments were carried out under a variety of water pulsations, displacements, and frequencies using eight kinds of plastics.
Some plastic particles which dtd not stratify by normal TACUB jig operation were separated by the Hybrid-Jig, where air bubbles adsorbed on the plastics with the more hydrophobic surface. The plastic particles with adsorbed bubbles were recovered as top product due to the decrease in the apparent specific gravity. Because the differences in the hydrophobicities of the plastics cause the selective bubble attachment, high grade plastic products of more than 99.9 mass% were recovered by the Hybrid-Jig even for plastic mixtures having the same specific gravity. Development of a New Gravity Separator for Plastics -a Hybrid-Jig
